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ABSTRACT
During retroviral replication, full-length viral RNAs are
encapsidated into new virus particles, while spliced
RNAs are excluded. The Retroviridae are unique
among viruses in that infectious viral particles con-
tain a dimer of two identical genomic RNA strands. A
variety of experimental data has suggested that
dimerization and encapsidation of full-length viral
RNAs are linked processes, although whether dimer-
ization is a prerequisite for encapsidation, or convers-
ely, dimerization follows encapsidation, has not been
firmly established. If dimerization was the sole deter-
minant for encapsidation, then spliced viral RNAs
might be expected to display a reduced capacity for
dimerization, resulting in their exclusion from the
dimerization pool. Here, we studied the in vitro dimer-
izationpropertiesofunsplicedand splicedHIV-2RNA.
We find that the rate and yield of dimerization of Nef,
Rev and Tat spliced RNAs exceeded those of
unspliced RNA. Although these data do not support
a simple correlation between dimerization efficiency
and the presence of introns, they establish that splic-
ing affects the presentation of dimerization signal(s),
which we corroborate with structure probing. This
change in RNA conformation likely affects the RNA’s
suitability for packaging. Furthermore, the pres-
ence of upstream and downstream elements that
affect the conformation of the packaging signal repres-
ents a potentially efficient viral strategy for correctly
sorting spliced versus unspliced RNAs.
INTRODUCTION
Retroviruses encapsidate two copies of their RNA genome per
viral particle. After extraction and deproteinization of the viral
RNA from mature particles, electron microscopy studies have
revealed that the two strands of genomic RNA are associated
with a region located close to the 50 end, called the dimer
linkage structure (DLS) (1,2). The DLS overlaps with various
structural and functional elements, especially elements of the
RNA encapsidation signal [for a review see (3,4)]. Synthetic
RNA transcripts spanning the DLS have been shown to dimer-
ize in vitro in the absence of any viral proteins, indicating that
direct RNA–RNA intermolecular interaction(s) could play a
role in the dimerization process (5). Further analytical studies
using synthetic transcripts led to the identification of the
mechanisms and structural elements involved in dimerization
of the leader region of HIV-1 genomic RNA.
In HIV-1, a short sequence called the dimerization initiation
site (DIS) (6,7) or stem–loop 1 (SL1) (8) promotes dimeriza-
tion of leader RNA fragments. This element is capable of
maintaining two viral RNA fragments in a loose or tight
dimer state, depending on the dimerization protocol. Loose
dimers are thought to be associated via an intermolecular
kissing loop interaction (9–13). In general, they can be
observed on a native gel [Tris-borate magnesium (TBM) buf-
fer at 4C] but not on a semidenaturing gel in Tris-borate
EDTA (TBE) buffer at 28C or a TBM gel at 28C, presum-
ably because the loose dimers dissociate under these electro-
phoresis conditions (14). In contrast, when HIV-1 RNA is
incubated at high temperature (55C) or in the presence of
viral nucleocapsid protein at 37C, it forms stable dimers
called tight dimers. Tight dimers withstand semidenaturing
electrophoresis in TBE buffer at 28C, presumably forming
an extended duplex base pairing arrangement.
In HIV-2, a homologous SL1 structure was identified by
sequence alignment and secondary structure prediction, but it
does not readily mediate loose or tight dimerization of a
complete leader RNA construct (residues 1–561; Figure 1)
(15–17). However, shorter RNA fragments are capable of
forming SL1-dependent tight dimers upon incubation at
55C suggesting that the role of SL1 in dimerization can be
regulated (16,18). In addition, both short and long RNA
constructs readily form loose dimers through a second dimer-
ization element located at the 50 end of the primer-binding site
(PBS; Figure 1) (15,16).
The ability of HIV-2 SL1 to mediate tight dimer formation
is controlled in vitro by sequences located upstream and down-
stream of the major splice donor site (SD) (17,19). We iden-
tified two structural elements, 189–196 and 543–550 nt, that
when base-paired, prevent the use of SL1 as a dimerization
signal by sequestering it in a stable intramolecular arrange-
ment with the encapsidation signal y that is located just
upstream of SL1 (19,20). A similar sequestration of SL1 by
base pairing was proposed by Berkhout and co-workers,
although there are minor differences in the details of the
base pairing that result in sequestration of SL1 (17). A recent
detailed structural analysis of HIV-1 50 region RNA based on
phylogenetic, structure probing and crosslinking data by
Kjems and co-workers strongly supports the existence of
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this long distance interaction and its conservation among
diverse viruses (21).
To further analyze the functional relationships between
structural elements mediating or regulating dimerization,
we noted the location of dimerization regulatory elements
relative to known splice donor and acceptor sites. Two differ-
ent naturally occurring splicing events have been described
within this region. First, use of the SD at position 470 removes
the downstream 543–550 element (Figure 1B). Second, a less
well-characterized splicing event leads to the deletion of
nt 60–202, and thus the upstream 189–196 element is removed
(Figure 1C). This event, called 50 long terminal repeat (50 LTR)
intron splicing, was first described in simian immunodefi-
ciency virus (SIV) (22), and affects HIV-2 RNAs as well
(23). Thus, usage of these splicing sites necessarily disrupts
the long-range interaction between the regulatory elements
(Figure 1).
The present study is a comparative analysis of the in vitro
dimerization properties of HIV-2 leader region RNA harbor-
ing splicing-dependent sequence rearrangements. We found
that the absence of one or both dimerization regulatory ele-
ments in the Nef, Rev, Tat or LTR-spliced constructs enables
the formation of tight dimers upon incubation at 55C. Anti-
sense oligonucleotide binding indicated that the y-SL1 region
is involved in tight dimerization and that the encapsidation
signal y and SL1 interact with each other. The dimerization
regulatory elements are located in intronic sequences flanking
the signals for encapsidation and dimerization. Our present
dimerization and structure probing results show that splicing
events that occur normally during virus replication alter the
presentation of RNA sequences known to be involved in
dimerization and encapsidation. This is suggestive of a
mechanism by which spliced versus unspliced RNAs might
be differentiated in vivo so that only full-length RNAs are
packaged into virions.
MATERIALS AND METHODS
Template construction for in vitro transcription
The clones of the first 561 nt of Nef, Rev and Tat leader region
were built using a partial sub-cloning protocol. We took
advantage of the close proximity between a StuI site and
the major SD, located respectively at 455–460 and 470.
The numbering is based on the genomic RNA sequence of
HIV-2 ROD isolate (24). A sense primer containing the 454–
470 nt followed by Nef, Rev or Tat exonic sequences and an
antisense primer containing an EcoRI site were used to
amplify the first 91 nt of either Nef, Rev or Tat coding regions
(Figure 1 and Table 1). We used the exonic sequence of the
most representative species of Nef, Rev or Tat mRNA from
HIV-2 and SIV (22,23,25,26). After PCR using the modified
pROD10 plasmid as template, the PCR products were gel-
purified and digested using StuI and EcoRI. This fragment
was ligated in the plasmid containing the first 561 nt of
HIV-2 ROD in which the StuI–EcoRI 455–561 fragment
had been removed. The HIV-2 ROD DNA template (modified
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Figure 1. Representation of the HIV-2 ROD RNA constructs used in this study. (A) The landmark sequences with known functions for the first 561 nt of HIV-2 RNA
are indicated by boxes. TAR, polyA signal, PBS, y, SL1 and SD represent the trans-activation region, the poly(A) signal domain, the primer binding site, the
encapsidation signal, the stem–loop 1 and the major splice donor site, respectively. (B) RNAs used in this study. The closed boxes represent the three in vitro
characterized dimerization elements, the 50 end of the PBS, the palindromic sequence in the encapsidation signaly and the SL1. The open boxes represent the cores of
the two elements forming the long distance interaction, 189–196 and 543–550 (19). The numbers to the right indicate the origin of the nucleotides located downstream
of the SD. Sequences removed in spliced RNAs are indicated by dotted lines. (C) The 50 LTR intron missing in the 1–561 genomic RNA is represented by dotted lines.
The splice acceptor and donor sites shown here were originally described in HIV-2 Rev transcripts (23).
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plasmid pROD10) was provided by the EU Programme EVA/
MRC Centralized Facility for AIDS Reagents (NIBSC, UK;
grant numbers QLK2-CT-1999-00609 and GP828102). All
constructs were checked by DNA sequencing.
To build the 1–561 constructs with the LTR intron removed,
a two step PCR-ligation was used. A sense primer containing a
BamHI site and the promoter for the T7 RNA polymerase and
a 50-phosphorylated antisense primer ending at nucleotide 60
were used to amplify the first 60 nt of the common leader RNA
region from an HIV-2 ROD isolate DNA template. Similarly, a
50-phosphorylated sense primer starting at nucleotide 203 and
an antisense primer containing a HIV-2 sequence ending at
nucleotide 561 and an EcoRI site were used to amplify 203–
561 nt of the leader region of the genomic RNA (Figure 1 and
Table 1). The two PCR products were purified on an agarose
gel and then ligated together using the T4 DNA ligase (New
England Biolabs). A second gel purification was used to purify
the correct ligation product, i.e. one 1–60 fragment ligated to
one 203–561 fragment. The ligation product was digested
using BamHI and EcoRI and cloned into the BamHI and
EcoRI sites of the pUC18 plasmid.
Nef, Rev or Tat constructs without the LTR intron were
built by removing the BamHI–BbsI fragment encompassing
the LTR intron from these plasmids and ligating the BamHI–
BbsI fragment isolated from the LTR-spliced 1–561 construct
described above.
RNA synthesis and purification
The different plasmids were linearized with EcoRI prior
to in vitro transcription. RNAs were synthesized by in vitro
transcription of the EcoRI-digested plasmids with the
AmpliScribeTM T7 transcription kit (Epicentre). After
transcription, the DNA was digested with the supplied
RNase-free DNase, and the RNA was purified by ammonium
acetate precipitation followed by size exclusion chromato-
graphy (Bio-Gel1 P-4; Bio-Rad).
In vitro dimerization of HIV-2 RNA
An aliquot of 5–7 pmol of RNA was denatured in 8 ml water for
2 min at 90C and quench cooled on ice for 2 min. After the
addition of 2 ml monomer buffer (final concentrations: 50 mM
Tris–HCl, pH 7.5 at 37C, 40 mM KCl and 0.1 mM MgCl2) or
dimer buffer (final concentrations: 50 mM Tris–HCl, pH 7.5 at
37C, 300 mM KCl and 5 mM MgCl2), dimerization was
allowed to proceed for 15 or 30 min at 37 or 55C, respect-
ively. We used 55C since the incubation of the 1–444 RNA at
55C allows a maximal yield of TBE-resistant SL1-dependent
dimers (16). The samples were then cooled on ice to stabilize
dimers formed during incubation and loaded onto a 0.8%
agarose gel with 2 ml of glycerol loading dye 6· (40% gly-
cerol, 44 mM Tris-borate, pH 8.3, 0.25% bromophenol blue).
Electrophoresis was carried out for 90 min at a monitored
temperature of 4 or 28C in 44 mM Tris-borate, pH 8.3,
0.1 mM MgCl2 (TBM) or 44 mM Tris-borate, pH 8.3 and
1 mM EDTA (TBE), respectively. After electrophoresis, the
ethidium bromide-stained gel was scanned on a Fluorescent
Image Analyzer FLA-3000 (Fujifilm).
Kinetics of tight dimer formation
An aliquot of 100 pmol of RNA was denatured in 160 ml water
for 2 min at 90C and quench cooled on ice for 2 min. After the
addition of 2 ml dimer buffer under the lid of 20 tubes, 8 ml of
denatured RNA was aliquoted to each tube. The dimerization
was then initiated by a 5 s spin in a bench top centrifuge and
immediate loading of the tubes in a heating block at 55C.
Dimerization was allowed to proceed for 2–30 min. At each
time point a tube containing 10 ml reaction mixture was
removed from the heating block, mixed with 2 ml of glycerol
loading dye 6· and loaded onto a 0.8% agarose TBE gel.
Electrophoresis was carried out at 28C and 3 V/cm. After
electrophoresis, the ethidium bromide-stained gel was scanned
on a Fluorescent Image Analyzer FLA-3000 (Fujifilm). Quan-
tification of the extent of dimerization was done using Fujifilm
Image Gauge V3.3 software. The data were fitted using a
second order conformation model (27):
1=Mt = 1=M0 + 2kdimt,
where Mt is the concentration of monomer at time t, M0 is
the initial concentration of dimerization-competent monomer,
and kdim is the second-order rate constant of dimerization
(mM1 min1).
Antisense oligonucleotides
Antisense oligonucleotides served two purposes in this study.
First, the relative availability of an RNA sequence can be
monitored by how efficiently it binds free oligonucleotide,
with the assumption that nominally single-stranded RNA
binds oligonucleotide more efficiently than base paired
RNA. Second, oligonucleotides can be used to alter the con-
formation and, thus, the behavior of RNAs. Because binding of
an oligonucleotide can alter the conformation of the larger
RNA, interpretation of results when they are used as structure
probes must be carried out carefully and with corroboration by
other methods, such as structure probing and mutagenesis or
deletion analysis, as we have done here.
An aliquot of 5 pmol of RNA with or without 100 pmol of
antisense oligonucleotide was denatured in 8 ml water for 2 min
at 90C and quench cooled on ice for 2 min. After the addition
of 2 ml of 5-fold concentrated dimer buffer, dimerization was
allowed to proceed for 15 min at 37C or 30 min at 55C. The
Table 1. Oligonucleotides used in this study
sBAMT7R 50-TAG GAT CCT AAT ACG ACT CAC TAT AGG TCG
CTC TGC GGA GAG-30
asECO561 50-AAG AAT TCA GTT TCT CGC GCC CAT CTC CC-30
sNEF454 50-GAG GCC TCC GGG TGA AGC AGA TCC ATA TCC
ACA AGG-30
sREV454 50-GAG GCC TCC GGG TGA AGG CTC GGG ATA TGT
TAT GAA CG-30
sTAT454 50-GAG GCC TCC GGG TGA AGA CAT GGA GAC
ACC CTT GAA G-30
asNEF561 50-AAG AAT TCA GGG CCA GTA TCT GTC TCC-30
asREV561 50-ATG AAT TCT ATG GAT TTG TCT GGT GTA GGA
GAC GG-30
asTAT561 50-TTG AAT TCT TGA GTG GCC ACA TCC-30
asLTR60 50-CTG CTA GTG CTG GAG AGA ACC-30
sLTR203 50-TCG CCG CCT GGT CAT TCG GTG-30
asPBS 50-GGC GCC AAC CTG CTA GGG ATT-30
asC 50-CTA GGA GCA CTC CGT CGT GGT TTG-30
asSL1 50-TGG TAC CTC GGC CCG CGC CT-30
asDIM 50-TGG TAC CTC GGC CCG CGC CTT TCT AGG AGC-30
asTAT 50-GAG TGG CCA CAT CCT GCT CTG AAG-30
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samples were then cooled on ice to stabilize dimers formed
during incubation and loaded onto a 0.8% agarose gel in
TBM or TBE buffer. Electrophoresis was carried out for
90 min at 4C (for TBM gel) or 28C (for TBE gel). After
electrophoresis, the ethidium bromide-stained gel was scanned
on a Fluorescent Image Analyzer FLA-3000 (Fujifilm).
RNA solution structure probing
In a standard experiment, 5 pmol of 1–561 genomic RNA or
Rev RNA was heated in water for 2 min at 90C, and then
quench cooled on ice. The dimerization was started by the
addition of dimer buffer (final concentrations: 50 mM Tris–
HCl, pH 7.5 at 37C, 300 mM KCl and 5 mM MgCl2). After 0,
4 or 20 min incubation at 55C, dimethylsulfate (DMS;
Aldrich) or kethoxal (ICN Biomedicals) was added to the
RNA and the mixture incubated for 2 min at room temperature
(27C). The final concentrations of DMS and kethoxal were
0.5 and 0.1%, respectively. Chemical probing was stopped by
the addition of glycogen, EDTA, sodium acetate and ethanol.
After a 30-min precipitation at 20C, the samples were pel-
leted by centrifugation at 15 000 r.p.m. for 30 min, ethanol
washed, vacuum dried and resuspended in water (DMS-treated
samples) or borate-KOH, pH 7.5 and 50 mM (kethoxal-treated
samples). One-fourth of the resuspended material was then
reverse-transcribed with the avian myeloblastosis virus
reverse transcriptase (Promega) and a 50 end-32P-labeled
radioactive DNA oligonucleotide primer. After a 30-min
primer extension at 42C, the samples were precipitated as
described above and the dried pellet was resuspended in form-
amide loading and tracking dye and analyzed using denaturing
PAGE. A DNA sequencing of the plasmid DNA used for the
transcription was loaded together with the primer extension to
identify the modified nucleotides.
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Figure 2. Dimerization of HIV-2 RNAs. (A) RNA fragments corresponding to the first 561 nt of genomic, Nef, Rev or Tat HIV-2 RNAs were incubated for 15 min in
monomer (lanes 1–4) or dimer (lanes 5–12) buffer and loaded onto a TBM gel run at 4C. In lanes 9–12, the RNAs were dimerized in presence of a 20-fold excess of
the asPBS antisense oligonucleotide. asPBS binds to the 50 end of the PBS and nucleotides upstream and inhibits the PBS-dependent dimerization of HIV-2 RNA
fragments (15,16). (B) Plot of dimerization as a function of incubation buffer and the presence of asPBS oligonucleotide at 37C. The y-axis error bars represent the
standard deviation of two experiments as shown in (A).
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RESULTS
The first 561 nt of HIV-2 Nef, Rev and Tat mRNAs
efficiently form loose dimers
The influence of sequences downstream of the SD on dimer-
ization was analyzed using RNA fragments encompassing the
first 561 nt of HIV-2 Nef, Rev or Tat mRNA (Figure 1A and
B). The mRNA sequences correspond to representative viral
transcript sequences isolated from HIV-2 or SIV-infected cells
(22,23,25). The numbering is based on the corrected genomic
sequence, nucleotide +1 being the first nucleotide of the viral
genomic RNA.
The dimerization of Nef, Rev and Tat RNAs was first
assayed by incubating the RNAs in monomer or dimer buffer
for 15 min at 37C and loading the samples on an agarose gel
in TBM buffer run at 4C (Figure 2A). The yields were similar
to that of the 1–561 genomic RNA fragment (17% in mono-
mer buffer and 60% in dimer buffer; Figure 2B). Since the 50
end of the PBS was shown to mediate loose dimerization at
37C (15,16), each RNA was co-incubated in the presence of a
20-fold excess of antisense oligonucleotide asPBS to test the
involvement of the PBS as a dimerization element. In the
presence of asPBS, the dimerization of all RNAs was inhibited
relative to the incubation without oligonucleotide (Figure 2B,
compare closed and hatched bars). However, the inhibition by
asPBS of Nef, Rev and Tat RNA dimers was less effective than
that of genomic RNA, which may suggest that the spliced
RNA constructs were capable of using another dimerization
site (Figure 2B, compare hatched bars).
Nef, Rev and Tat RNA fragments efficiently form tight
dimers while genomic RNA does not
Tight dimers are exceptionally stable and withstand semide-
naturing electrophoresis in TBE buffer at 28C. As shown
previously (15,16), the 1–561 leader genomic RNA yielded
a low level of tight dimers (Figure 3A, lane 1). On the other
hand, Nef, Rev and Tat RNAs formed a high level of tight
dimers (Figure 3A, compare lanes 2–4 with lane 1). To further
characterize their dimerization properties, we performed a
kinetic analysis of tight dimerization at 55C (Figure 3B).
The data were fitted using a second-order reaction model to
obtain rate constants (see Materials and Methods). The dimer-
ization rates of 1–561 Nef, Rev and Tat RNAs were
0.072 – 0.014, 0.053 – 0.001 and 0.075 – 0.005 mM1
min1, respectively (Figure 3C). The dimerization rate
of 1–561 genomic RNA was much slower (0.005 –
0.001 mM1min1). Thus, the presence of different nucleo-
tides at the 30 end of the spliced Nef, Rev and Tat RNA
constructs, relative to the unspliced genomic RNA, facilitated
the formation of tight dimers.
Analysis of dimerization site usage and interactions
in the y-SL1 domain
To determine more precisely which element in the y-SL1
domain mediates the formation of tight dimers, we incubated
the different 1–561 RNA fragments in the presence of
antisense oligonucleotides. The asy and asSL1 oligonucle-
otides bind to the encapsidation signal (y) and SL1, respect-
ively (Figure 4A). We have previously showed that both
elements can modulate tight dimerization of the 1–561 geno-
mic RNA fragment (28). The binding of asSL1 to the HIV-2
leader 1–561 RNA fragment induced tight dimerization
through the y domain, and reciprocally, the binding of asy
induced tight dimerization through the SL1 domain. Oligo-
nucleotide binding could either activate or inhibit dimerization
of spliced RNAs relative to the level of dimers in the absence
of any oligonucleotide, and the effects of asy and asSL1
binding differed for each RNA (Figure 4B and C). asy binding
activated Nef and Tat RNAs, but inhibited Rev RNA dimer-
ization (Figure 4C, stippled bars). asSL1 binding activated Tat
RNA dimerization, but inhibited Nef and Rev RNA dimeriza-
tion (Figure 4C, hatched bars). It is noteworthy that tight
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Figure 3. HIV-2 Nef, Rev and Tat RNAs form more tight dimers than the
unspliced genomic leader RNA. (A) Genomic, Nef, Rev or Tat HIV-2 1–561
RNAs were incubated in dimer buffer at 55C. After incubation for 30 min,
RNAs were subjected to electrophoresis on a TBE agarose gel run at 28C. (B)
Kinetics of tight dimerization of 1–561 Tat RNA at 55C. The time-dependent
yield of dimerization of 1–561 Tat RNA at 55C was monitored on a TBE/28C
agarose gel. Lanes 1–11 represent aliquots loaded after incubation for 0, 2, 4, 6,
8, 10, 12, 14, 16, 18 and 20 min, respectively. (C) Plots of the kinetic data for
genomic, Nef, Rev or Tat HIV-2 1–561 RNAs (represented by open circles,
closed circles, open squares and open diamonds, respectively). [M]t is the
concentration of monomer at time t and [M]0 is the initial concentration of
dimerization-competent monomer. Kinetic constants, kdim, were obtained by
fitting the data to a second-order reaction model (20).
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dimerization was inhibited in the presence of both oligonu-
cleotides, completely for Nef and Rev RNAs, and to a low
level for Tat RNA (Figure 4C, open bars). These results sug-
gest that the region downstream of SD in spliced mRNA
fragments influences the usage of dimerization elements in
the y-SL1 domain.
PBS-dependent dimerization of RNAs lacking the
50 LTR intron
Some SIV and HIV-2 transcripts undergo a specific splicing
event in the region upstream of SD (22,23,25,29–31). This
event, called 50 LTR splicing, removes a part of the transacti-
vation element (TAR) and the polyadenylation signal structure
(Figure 1C). The LTR-spliced RNAs also lack the 189–196
element, which was shown to influence tight dimerization
through a long-range interaction with the gag translation
start site (19). We thus assayed dimerization at 37C for
the genomic, Nef, Rev and Tat RNA constructs that lack
the LTR intron (LTR-spliced RNAs). Upon incubation in
dimer buffer, the four LTR-spliced RNA fragments showed
a high yield of dimers when assayed on a TBM gel (from 60 to
80%; Figure 5). Incubation in the presence of asPBS indicated
that at least half of these salt-induced dimers occurred through
a PBS–PBS interaction (Figure 5B, compare closed and
hatched bars). Thus, the absence of the nucleotides forming
the LTR intron does not prevent the PBS-dependent dimeriza-
tion of all tested RNA fragments.
The absence of the 50 LTR intron differentially
influences tight dimerization of genomic, Nef,
Rev and Tat RNAs
We tested the LTR-spliced RNAs for their ability to form tight
dimers upon incubation at 55C. All LTR-spliced constructs
except Nef showed an increase in the tight dimerization yield,
relative to their unspliced counterpart (Figure 6A). The
increase ranged 1.2–2.5-fold, the highest relative increase
was evident in the genomic RNA species (Figure 6B).
The lack of the LTR intron sequence in Nef RNA
decreased the tight dimer yield from 60 to 40% (Figure 6B).
The lack of the LTR intron sequence thus influenced the
use of the tight dimerization element positively for the geno-
mic, Rev and Tat RNA species, and negatively for the Nef
RNA species.
Analysis of dimerization element usage in the y-SL1
domain
Since all LTR-spliced RNA fragments were capable of
forming tight dimers, we tested the effects of asy and
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region and antisense oligonucleotides used in this experiment. The two palindromic sequences with tight dimerization properties are boxed (28). asy and asSL1
antisense oligonucleotides binding sites are represented by thick lines. (B) 1–561 wild-type (unspliced), Nef, Rev or Tat RNAs were incubated in dimer buffer at 55C
without or with a 20-fold molar excess of asy, asSL1 or both oligonucleotides, and subjected to TBE electrophoresis. (C) Percentage dimerization for each RNA alone
or with asy, asSL1, or both oligonucleotides (represented by closed, stippled, hatched and open bars, respectively). The y-axis error bars represent the standard
deviation of duplicate experiments.
4590 Nucleic Acids Research, 2004, Vol. 32, No. 15
asSL1 oligonucleotides. As described for the LTR-unspliced
RNA fragments, the effects of oligonucleotide binding were
diverse (Figure 7) asy binding induced an increase in the tight
dimer yield (a few percentage increase for Rev, but a doubling
for Nef; Figure 7B, stippled bars). The binding of asSL1
increased the dimer yield for the genomic, Nef and Tat
LTR-spliced RNAs, but a decrease in Rev RNA (Figure
7B, hatched bars). Incubation of the RNAs in the presence
of both oligonucleotides completely inhibited the dimerization
of the LTR-spliced genomic, Nef and Rev RNA fragments, but
did not affect the dimerization of Tat RNA (Figure 7B, open
bars). The Tat RNA contains a palindromic sequence at the
extreme 30 end that promotes dimerization, as annealing an
oligonucleotide to this sequence in combination with asSL1
and asy completely inhibits dimerization (Figure 7, lanes 18
and 19). These results indicated that splicing of the LTR intron
influences the presentation of the y-SL1 domain. In turn, the
identity of nucleotides downstream of the major SD qualita-
tively and quantitatively influences the effect of 50 LTR spli-
cing on dimerization.
Structure probing of unspliced and spliced RNAs shows
conformational differences
The behavioral differences described above for the spliced
versus unspliced RNA strongly suggested that the conforma-
tional differences affected presentation of dimerization
sequences. We therefore probed unspliced wild-type and
Rev-spliced RNA with the structure-specific chemical
probes kethoxal and DMS, which selectively modify the
unpaired guanines and adenines (and to a lesser extent, cyto-
sines), respectively. Although structure probing in these
conditions could be complicated by the existence of multiple
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Figure 5. Dimerization of LTR-spliced HIV-2 RNAs at 37C. (A) Genomic, Nef, Rev or Tat HIV-2 1–561 RNAs without the LTR intron (nt 61–202) were incubated
for 15 min in monomer (lanes 1–4) or dimer (lanes 5–12) buffer and loaded onto a TBM gel run at 4C. In lanes 9–12, the RNAs were dimerized in the presence of a
20-fold excess of the asPBS antisense oligonucleotide. (B) Plot of dimerization as a function of incubation buffer and the presence of asPBS oligonucleotide at 37C.
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intramolecular conformations and the formation of dimers
with increasing incubation time, the results were surprisingly
straightforward.
First, we examined the reactivity of nucleotides in the
upstream element of the long distance interaction in the
spliced and unspliced RNAs. Figure 8 shows that when
nucleotides in the downstream element of the long distance
interaction are removed by splicing, the reactivity of A192
and adjacent cytosines in the upstream element to DMS is
distinctly higher. This strongly supports the basepairing
model between the upstream and downstream elements of
the long distance interaction, and is the first example of
chemical structure probing in support of the long distance
interaction in HIV-2.
Next, we examined the structure of RNA in the vicinity of
the known dimerization signals, namely SL1, the palindrome
that resides in the y packaging signal upstream of SL1, and
the PBS. Remarkably, using both DMS and kethoxal, the
structural differences observed were relatively subtle.
Figure 9 shows the results of kethoxal probing in the vicinity
of y-SL1, where the most significant differences were
observed. G389 (the lower band of the observed doublet in
Figure 8A) flanks the packaging signal, and is seen to be more
reactive in the unspliced RNA at short time intervals, but
retains higher reactivity at longer times in the spliced
RNA. In the stem of SL1 G413, and to a lesser extent
G414, were found to be much more reactive in the unspliced
versus the spliced RNA, while in the loop G420 and
G421 differed significantly in their reactivity between
unspliced and spliced RNAs. These localized alterations in
reactivity of SL1 nucleotides probably represent incremental
adjustments of the overall RNA conformation, since wide-
spread differences were not observed. Such differences in
conformation could nevertheless mean the difference between
productive and non-productive binding of a partner RNA or
viral protein.
DISCUSSION
In this study, we analyzed the behavior of several HIV-2 RNA
fragments representing the 50 end of spliced mRNAs coding
for the viral proteins Nef, Rev and Tat. This research was
inspired by the observation that although both spliced and
unspliced viral RNAs contain signals for dimerization and
encapsidation, only unspliced RNAs are efficiently packaged.
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We hypothesized, therefore, that it is the conformation of these
signals, rather than their simple presence, that directs encap-
sidation in vivo. Here, we used RNA dimerization in vitro as an
assay for conformational changes that could affect the pre-
sentation of known dimerization signals in this region in vivo.
Subtle differences in conformation in the two types of RNA
were verified by chemical probing.
We previously demonstrated that a long distance base pair-
ing interaction inhibits tight dimerization of the leader frag-
ment of HIV-2 genomic RNA in vitro (19). The long distance
interaction involves base pairing between 189–196 and 543–
550 nt (Figure 1A). Studies with truncated mutants of HIV-2
leader RNA indicated that the lack of one or both elements
allows efficient tight dimerization. In agreement with the pro-
posed model, the lack of the 189–196 element in LTR-spliced
constructs and/or the lack of the 543–550 element in Nef, Rev
and Tat constructs increased the tight dimerization yield in a
way similar to the effects of 50 or 30 truncations in the 1–561
genomic RNA (19,28). Thus, tight dimerization of HIV-2
RNAs is modulated by elements located in introns flanking
the dimerization signals, suggesting that the deletion of intro-
nic sequence during splicing can significantly alter the con-
formation of neighboring sequences, including the packaging
signal, y.
Although Nef, Rev and Tat RNA fragments can form
tight dimers, the nature of the interaction may differ. In
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continued at 27C for 2 min. Reactions were stopped and primer extensions
were used to visualize the sites of modification as described in Materials and
Methods. (B) The increased modification of A192 and flanking cytosines in the
Rev RNA samples indicates that this region is less protected when the
complementary sequence (543–550 nt in the unspliced RNA) is removed by
splicing.
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unspliced leader region RNA, y and SL1 sequences form an
intramolecular interaction that precludes their involvement in
dimerization (28). Disruption of this intramolecular interac-
tion (using oligonucleotides or through disruption of the long
distance interaction) promotes dimerization in full-length
unspliced constructs. However, the spliced RNAs used in
this study display differential behavior upon binding of the
asy and asSL1 antisense oligonucleotides (Figure 4). These
results suggest that in spliced RNAs, the absence of the long
distance interaction leads to a different conformation of the y-
SL1 region, as evidenced by an increase in tight dimerization.
Discrete differences in conformation in the y-SL1 region were
observed in the probing experiments of spliced versus
unspliced RNA.
Clearly, if the present results are extrapolated to the in vivo
context, they indicate that dimerization is not the primary
determinant for encapsidation, since subgenomic RNAs
dimerize more efficiently than unspliced RNAs in vitro. How-
ever, because dimerization and encapsidation in vivo involve a
complex interaction of RNA and host and viral proteins, we
emphasize here that the difference in dimerization properties
of naked RNAs demonstrates that the signals for dimerization
and encapsidation can be differentially displayed, depending
on the state of flanking intronic sequences. One of these con-
formational states may represent the cognate structure for
recognition by a protein to promote encapsidation while
another state (i.e. the conformation adopted by the spliced
RNAs) occludes the three-dimensional encapsidation signal.
The structure probing results (Figures 8 and 9) suggest that the
difference in conformations is relatively small and localized,
since no wholesale rearrangement of the RNA was observed
between the two types of RNA.
During the formation of the retroviral particle in vivo,
unspliced genomic-length RNA molecules are preferentially
encapsidated despite the presence of other cytoplasmic spliced
RNA species. In most retroviruses, it is believed that the
spliced retroviral RNA species are not encapsidated because
the RNA encapsidation signal is located downstream of the
major SD and thus disappear upon splicing [for a review see
(4)]. However, the HIV-2 and SIV RNA encapsidation signal,
as defined by the analysis of deletion mutants, is located
upstream of the major SD (20,32), suggesting that other
structures or mechanisms help to ensure the preferential
encapsidation of the genomic RNA over the spliced sub-
genomic species. The results presented in this study suggest
that interactions between elements upstream and downstream
of the major SD may help to select for encapsidation of
the unspliced genomic RNA preferentially over other
spliced species. It is presently not clear whether the y-SL1
region is the primary dimerization element in vivo or how the
encapsidation signal y is activated. Lever and co-workers
have shown that the activation of y is a co-translational
event mediated by the nucleocapsid domain of the Gag
polyprotein (20,33), and Aldovini and co-workers have
demonstrated that packaging in SIV depends on elements
upstream and downstream of the major splice donor site
(34). The present results suggest that long-range interactions
spanning the splice sites provide a potential structural mechan-
ism to differentiate the leader region of the unspliced genomic
RNA from spliced RNAs by regulating the conformation of
the nested encapsidation and dimerization elements. It will
be of interest to characterize the discrete conformational
changes in the y-SL1 region as a function of NC/Gag binding,
splicing, translation and dimerization.
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